• In this proof-of-concept study, calcite and forsterite dissolve under previously reported dissolution regimes.
• Pore-scale modeling is able to reproduce experimental calcite rhomb dissolution results.
• The combined FT-TRA-pore-scale modeling approach provides unprecedented insights into transport controls.
1. Introduction
Dissolution regimes
Accurately predicting mineral dissolution rates is essential for the investigation of many processes in environmental geochemistry, material science, and a wide range of related fields. One approach to reach this goal has been to measure mineral dissolution rates in laboratory experiments, from which dissolution rate parameters can be deduced and then used to predict rates of mineral dissolution under a wide range of conditions (e.g. White and Brantley, 1995) . To obtain meaningful dissolution rate parameters that can be applied to a range of environmental conditions, experiments are normally designed to quantify surface-controlled dissolution rates, i.e. the intrinsic rate of detachment of dissolving species from the surface of the mineral (e.g. Berner, 1978 , Compton and Unwin, 1990 , Morse and Arvidson, 2002 , Morse et al., 2007 .
However, rates measured in laboratory experiments may be affected by the hydrodynamic conditions under which the dissolution measurements were conducted (e.g. Sjöberg and Rickard, 1984) , and thus may not be readily transposed to other conditions or compared between minerals and even mineral crystallographic surfaces. When a mineral comes into contact with a fluid, a diffusive boundary layer (DBL) forms at the mineral-fluid interface, and dissolution occurs in two distinct steps: first the dissolving species must detach from the surface of the mineral, and second, they must diffuse through the DBL to the bulk solution (e.g. Morse and Arvidson, 2002) . The slower of these steps controls the rate of mineral dissolution (e.g. Berner, 1978) . When the dissolution rate is limited by the rate of detachment of dissolving species from the surface of the mineral, dissolution is "surface-controlled". When the dissolution rate of a mineral is limited by the rate of diffusion of dissolution products or reactants across the DBL, dissolution is "transport-controlled", often significantly limiting the progress of mineral dissolution at the mineral surface.
Under a surface-controlled dissolution regime and far-from-equilibrium conditions, rates of mineral dissolution can be described with rate laws of the form (e.g. Lasaga, 1998):
(1)Rsurface=mm02/3∑i=1Npkiaini
where Rsurface (moles m ) is the surface area normalized, surface-controlled dissolution rate, the mm02/3 term accounts for surface area loss over the course of a dissolution experiment, where the exponent 2/3 is applicable for uniformly dissolving spheres or cubes (e.g. Appelo and Postma, 2005) , Np is the number of parallel reaction pathways, ki (moles m ) is the dissolution rate constant for the ith reaction pathway, ai is the activity of the ith species, and ni is the reaction order of the ith pathway.
Under a transport-controlled dissolution regime, the dissolving species build up in a diffusive boundary layer (DBL), and Fick's law dictates the rate of diffusion of products or reactants across the DBL (e.g. Lasaga, 1998): ) are the concentration of the dissolved species in contact with the surface of the mineral and in the bulk fluid, respectively.
Dissolution regimes as a continuum
In natural and engineered systems, evolving flow conditions may alter the balance between surface-controlled and transport-controlled dissolution kinetics. For a given mineral, the dissolution regime may shift from surface-to transport-controlled as the DBL increases in thickness, and vice versa, if the DBL thickness decreases. Similarly, under given hydrodynamic conditions, the dissolution regime may shift from surface-to transport-controlled as the rate of mineral dissolution increases.
When minerals dissolve, dissolution products detach from the surface and diffuse toward the bulk solution. It is important to note that at steady state, the rate of detachment must be equal to the rate of transport away from the mineral surface by diffusion. If the rate of detachment is slow, the transport rate is equally slow, and can be sustained with a small concentration gradient across the DBL. These conditions imply that the concentrations of dissolution products at the mineral surface are nearly equal to concentrations in the bulk solution. Under these conditions, the rate of dissolution is dominated by the detachment reaction at the mineral surface and is commonly referred to as surface-controlled. The relatively slow rate of detachment from the surface is not significantly affected by concentration build-up near the surface as a result of transport limitations. On the other hand, for minerals dissolving rapidly, the rate of transport must be equally rapid, which can require large concentration gradients across the DBL.
Under these conditions, concentrations of dissolution products at the mineral surface tend to differ significantly from the corresponding concentrations in the bulk solution, in particular if the DBL is relatively thick. DBL thickness is affected by hydrodynamic flow conditions at the pore scale, with slower flow velocities resulting in a greater DBL thickness. In the extreme case, the concentrations of dissolution products approach saturation at the mineral surface, driven by the need to increase the diffusive flux away from the mineral surface. Under these conditions, transport limitations result in a decrease in the detachment rate due to near-equilibrium conditions at the mineral surface, and the dissolution rate of minerals is referred to as transport-controlled.
Notably, the two end-members described above (transport-controlled when Csurface = Csaturati on; surface-controlled when Csurface = Cbul k) can only be approached but never reached, otherwise dissolution would stop. Instead, the dissolution rate is always controlled by a continuum between these two extremes. In all steady-state mineral dissolution situations, the rate of detachment must be lower than, but can be infinitesimally close to, its full potential, which is described by Eq. (1) with activities of the bulk solution. This situation results in an essentially surface-controlled dissolution regime. Likewise, the rate of transport cannot reach its full potential described by Eq. (2) for Csurface = Csaturati on but can be infinitesimally close, resulting in an essentially transport-controlled dissolution regime. Between these two extremes, both the detachment rate and the transport rate are lower than their full potentials as the dissolution regime transits between surface-and transport-controlled.
Describing a system as surface-or transport-controlled thus requires an arbitrary subdivision of this continuum. Recently, Rimstidt (2015) proposed to make this distinction by using the diffusive Damköhler number:
where Rsurface is the rate of detachment at its full potential (as Csurface → Cbul k) and Rtransport is the rate of transport at its full potential (as Csurface → Csaturati on). When Rsurface > 10 x Rtransport (i.e. when rate calculated with Eq. (1) 10 x rate calculated from Eq. (2) with Csurface = Csaturati on), the dissolution regime is deemed surface-controlled, while Rsurface < 0.1 Rtransport indicates transport control. Because the transition between the two regimes is gradual and the end-members are never truly reached, an alternative to predicating arbitrary cut-offs would be to simply report the value of the diffusive Damköhler number of the system to provide a sense of how far it is in one or the other regime (i.e. large DaII toward surface controlled vs small DaII toward transport controlled), similar to the approach proposed by Dewers, 1997a, Raines and Dewers, 1997b . However, in practice, the DBL thickness is often not constant across the mineral surface, the gradient across the DBL is not linear due to the fact that flow velocities gradually increase toward the bulk solution, and equilibrium concentrations for a given ion (Csaturati on) can also vary over the mineral surface. As a result, Damköhler numbers must vary over a dissolving mineral surface and their calculation may be complex. Empirical determinations of dissolution regime may thus provide a more practical approach.
The need to establish a dissolution regime
Because intrinsic mineral dissolution rate parameters must be measured under surfacecontrolled conditions (e.g. Compton and Unwin, 1990) , it is important to establish the dissolution regime under which dissolution rates of minerals are measured before interpreting or using the results. Many of the studies addressing mineral dissolution kinetics rely on measuring bulk solution concentrations to estimate mineral dissolution rates (e.g. Plummer et al., 1978 , Plummer et al., 1979 , Sjöberg, 1978 , Sjöberg and Rickard, 1983 , Sjöberg and Rickard, 1984 . With the development of highresolution imaging techniques such as Atomic Force Microscopy (AFM) and Vertical Scanning Interferometry (VSI), some of the focus has now shifted from bulk solution measurements to variations in nano-scale surface topography to estimate mineral dissolution rates of the more soluble minerals (e.g. Liang and Baer, 1997 , Arvidson et al., 2003 , Ruiz-Agudo and Putnis, 2012 . Using this approach, dissolution rates are estimated from volume of mineral loss to dissolution per unit time, converted into moles s − 1 using the molar volume of the mineral. Although this approach is fundamentally different from the methods using bulk solution composition, it also requires knowledge of the dissolution regime to interpret the data. Thus, a need exists to develop methodologies to determine the rate-limiting dissolution regime when measuring mineral dissolution rates, regardless of which technique is employed to quantify the surface-controlled mineral dissolution rates.
Previous approaches to determining dissolution regime
The need to determine the rate-limiting mineral dissolution step was quickly identified when studying the rate of dissolution of more soluble minerals such as calcite (e.g. Plummer et al., 1978 , Plummer et al., 1979 , Rickard and Sjöberg, 1983 , Sjöberg and Rickard, 1984 , Murphy et al., 1989 or gypsum (e.g. Raines and Dewers, 1997a , Raines and Dewers, 1997b , Jeschke et al., 2001 . In principle, transport-controlled dissolution regimes can be identified when dissolution rates vary in response to changes in the thickness of the DBL. A commonly used approach involves measuring dissolution rates by dissolving fine-grained minerals and/or individual mineral crystals suspended in a stirred vessel. In this set up, controlling the thickness of the DBL is achieved by varying the stirring rate of the suspensions. Constant dissolution rates with varying stirring rates have been interpreted to indicate a surface-controlled dissolution regime (e.g. Sjöberg, 1978 , Plummer et al., 1978 , Plummer et al., 1979 , Busenberg and Plummer, 1986 , Raines and Dewers, 1997b . However, Sjöberg and Rickard (1983) pointed out that such a system has poorly controlled hydrodynamics, and a lack of stirring dependence does not necessarily guarantee surface-controlled dissolution, but instead could indicate that, at some point, the effective thickness of the DBL does not change with stirring rate. This shortcoming led to the development of alternative approaches including the fluidized bed reactor, which produces a more even spatial distribution of suspended particles (e.g. Chou et al., 1989) . The higher turbulence generated using this experimental design accelerates diffusional transport through the DBL, facilitating the establishment of surface-controlled dissolution conditions. However, it remains difficult to determine the actual dissolution regime with this experimental set up. Another widely used approach relies on a rotating disk made of the mineral of interest, which is immersed in the reactive medium (e.g. Sjöberg and Rickard, 1983 , Sjöberg and Rickard, 1984 , Pokrovsky et al., 2005 .
Using this approach, assuming a laminar flow regime, the transport rate constant can be calculated with the solution of Levich (1962) based on a semi-infinite domain (Alkattan et al., 1998 , Pokrovsky et al., 2005 : (4)kt=0.62D2/3ν−1/6ω1/2 where ν is the kinematic viscosity of the solution and ω the disk rotation speed.
For mineral grains of arbitrary shape and size in finite reactor cells, however, solution of the flow, transport and reaction processes can only be achieved through numerical techniques. Recent advances in pore-scale modeling, involving the numerical solution of Navier-Stokes flow, advective-diffusive transport and dissolution equations, make it possible to capture transport limitations associated with reactive surfaces in more complex domain geometries without having to make any assumption about the thickness of the DBL , Molins, 2015 . Although pore-scale numerical simulations provide a powerful means to elucidate transport limitations on mineral dissolution, these have not been performed in conjunction with experimental studies of dissolution regimes in single-crystal small-volume reactors.
Study objectives
In this study, we build on the convergence of high-resolution experimental and numerical simulation techniques to study the mechanistic coupling between flow, transport and reactive processes at the micrometer scale. We do so by using FT-TRA experiments to empirically distinguish between surface-and transport-controlled dissolution regimes in combination with pore-scale modeling, which allows the quantitative interpretation of experimental data under various flow conditions. The combination of methods yields a novel and integrated experimental-modeling approach to study mineral dissolution kinetics. g) was dried-overnight in an oven at 60 °C. The mineral grains were examined by scanning electron microscopy (SEM), which revealed that they were generally free of adhering fine particles (Fig. 1A) . Specific surface area (257.3 cm ). For calcite, the Ca value was divided by the geometric surface area exposed to the incoming eluent (5 faces of the calcite rhomb), obtained from SEM imagery, to obtain surface area normalized dissolution rates (moles m -2 s -1 ).
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2. Download full-size image Fig. 2 . Schematic of the flow-through dissolution module. E1-E5 represent eluent bottles, where E1-E4 are used to generate eluents or standards (using an advanced gradient pump, indicted as AGP), and E5 is used to continuously supply an internal standard (here 115 In, using an isocratic pump). This flow-through module allows for timeresolved control on incoming eluent composition (here, generating an eluent pH range) by mixing different proportion of DIW with concentrated acid or standard from bottle E1-E4, providing a constant, reproducible flow rate through the flow-through cell, and enabling time-resolved analysis of the effluent stream. A total of 6 flow-through cell positions are available by using 2 parallel computer-controlled solenoid valves, allowing for efficiently measuring blanks and multiple samples. When running standards, the solenoid valve holding the flow-through cells is bypassed, as indicated in red.
Experimental design to establish dissolution regime
The purpose-built leaching module described above was used to empirically determine the dissolution regime from observing the evolution of mineral dissolution rates with eluent flow rate (Q). When mineral dissolution is close to the surface-controlled regime end member and experimental conditions are maintained far-from-equilibrium (IAP ≪ Ksp) in the FT-TRA module, the rate of mineral dissolution can essentially be described by Eq. (1) and dissolution rates should be quasi independent of DBL thickness, i.e., dissolution rates (Q × Ceffl uent) should remain nearly constant under varying flow rates ( (Fig. 3B at relatively long eluent residence times), dissolution rates are affected by diffusive transport limitations through the DBL (Fig. 3A under relatively slow flow rates). The ability to observe transport limitations stems from the increase in thickness of the DBL as flow rate decreases and residence time increases (Eq. (2)). As a result, Csurface gradually increases from Cbul k, when the DBL is sufficiently thin, toward saturation as the DBL widens.
Download high-res image (491KB)
2. Download full-size image ) was sourced from Busenberg and Plummer (1986) . The use of these published rate constants in combination with measured surface areas without any further calibration was intended to evaluate whether a process-based pore-scale model that accounts for transport limitations can reproduce the experimental data. Because the dissolution rate is calculated at the mineral surface by the pore-scale model, rate constants used in the model are free of transport limitations, and must be taken constant for all flow velocities and pH conditions. Diffusive boundary layer thickness and resulting transport-controlled dissolution rates are not specified, but are quantified from the simulation results.
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2. Download full-size image ), which is prescribed using a uniform fluid velocity distribution at the inlet face. Table 2 . List of aqueous complexation reactions and equilibrium constants sourced from the EQ3/6 database (Wolery and Daveler, 1992 (Fig. 5A, B) , following expectations for a dissolution reaction that is overwhelmingly surface-controlled for all eluent flow rates used. Experimentally derived forsterite dissolution rates vary within ± 0.21 log units across all flow rates (error = 2σ, as shown in Fig. 5D ), which is a typical range for dissolution rates determined within a single laboratory (e.g. Brantley, 2008: p.175 ). This variability is greater than expected from analytical uncertainties, confirming previous observations (e.g. Brantley, 2008 , Rimstidt et al., 2012 and likely reflects variability in the number and distribution of reactive sites, as dissolution proceeds (e.g. Lüttge et al., 2013) ) consistent with published values (De Baere et al., 2015 and references therein) . As the forsterite dissolution regime is widely recognized to be surface-controlled under acidic conditions (e.g. Pokrovsky and Schott, 2000) , our findings illustrate how our experimental set up can empirically confirm the presence of a dissolution regime dominated by surface-control. Under these conditions, a modeling analysis to quantify transport limitation is not necessary, because experimental results are able to demonstrate conclusively the predominantly surfacecontrolled nature of the dissolution of powdered forsterite samples.
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2. Download full-size image (Fig. 6D) . However, for calcite dissolution it is evident that [Ca]effl uent is not a linear function of residence time (Fig. 6A, B, C) , indicating that dissolution is affected by transport limitations. Calcite dissolution rates calculated by multiplying averaged [Ca] steady state by flow rates at pH 2.3, 3.3 and 4.0 increase with decreasing pH and with increasing flow (shown in Fig. 7A, B and C respectively). The experimental data show a quasi linear dependence of the logarithm of the dissolution rate on the logarithm of the flow rate (Fig. 7A, B and C) .
A linear fit to these data (logr = n + m log Q) yields m = 0.513 (R = 0.992) for 
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2. Download full-size image Fig. 7 . Panels A, B, C show calcite dissolution rates on logarithmic scale from experimental data (black filled circles, error falls within symbol size), and the pore scale modeling (black diamonds) under incoming eluent pH of 2.3, 3.3 and 4.0 respectively. Solid lines in A and B display linear fit through experimental data. Dashed line in C displays linear fit through experimental data. Solid black line in C solely shown to represent approximate hypothetical linear fit with a slope of 0.5. Pore scale modeling data were obtained using k1, k2 from Chou et al. (1989) , and k3 from Busenberg and Plummer (1986) . Modeled effluent pH data is also shown (black filled triangles, axis shown on right).
Pore-scale modeling analysis
Using a single set of dissolution rate constants, the pore-scale model was able to reproduce these experimental data reasonably well, particularly at pH 2.3 and 3.3, where the departure of linearity at decreasing flow rates was not observed (Fig. 7A, B and C). Based on the agreement with effluent experimental data, the modeling results support the interpretation of FT-TRA experimental data that calcite dissolution rates are strongly affected by transport limitations under these conditions.
The pore-scale model also revealed the presence of a nearly stagnant fluid pocket on the lee side of the calcite rhomb, where reaction products build up and pH increases (Fig. 8) . In fact, at this surface, the thermodynamic affinity term in Eq. (6) departs significantly from unity in some of the simulations due to slow flow conditions. As a result, dissolution rates at this surface were much slower and contributed little to the overall calcite dissolution rate. In contrast, dissolution rates from the four calcite surfaces parallel to the mean flow direction are faster due to the smaller thickness of the DBL and more rapid solute exchange with the bypassing fluid. increases with decreasing flow rates, with a strong effect on pH at the mineral surface, which in turn progressively limits mineral dissolution rates (Fig. 9) . The deviations of pH within the DBL from bulk solution pH can be taken as a direct proxy for the effect of transport limitations on dissolution rates at the surface (Eq. (6)) and demonstrate that transport limitations play a role for all experimental conditions considered. (6) continues to dominate the intrinsic surface rate. This is also the case at pH 4.0 and fast flow rates; however, at pH 4.0 and slow flow rates, the pH at the surface increases to circum-neutral and even slightly alkaline values, further inhibiting mineral dissolution. The simulation shows that in this transition, the shift of pH pushes the rate into a regime where the controlling mechanism is the cation hydration-hydrolysis step rather than the stepwise proton-promoted mineral dissolution (Eq. (6)). In this sense, the simulations also demonstrate how transport limitations can lead to a shift of the dissolution mechanism.
In Fig. 10 , the simulated thicknesses of the DBL extracted from the plots in Fig. 9are plotted against the flow rate, showing the decrease in thickness with increasing flow rate. By analogy between Q and ω from the Levich (1962) rotating disk solution, we assumed a relationship of the form δ = kQ − m to capture the dependence of the DBL thickness on flow rates observed in simulation results (Fig. 9) . For this purpose, we used the value of m obtained in the earlier linear fits to experimental data (Fig. 7) . The fit to the simulated DBL thicknesses is remarkably good except at the fastest flow rates. At fast flow rates, the DBL shrinks significantly and the discretization used for the simulations is not fully sufficient; i.e. the DBL is captured within only one or two grid cells (Fig. 10) . This limitation likely leads to an underestimation of transport limitations and as a result to an overestimation of the effective rates.
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2. Download full-size image Fig. 10 . Thickness of the DBL as a function of eluent flow rate. In symbols are DBL thicknesses extracted from Fig. 9 (distance from the point where pH departs from bulk solution value to the point at the mineral surface where pH is highest). Dashed lines indicate the steps corresponding to the grid cells in discretized numerical domain. Solid lines are a fit to simulated DBL thicknesses using the slope m obtained in the fit to experimental data (Fig. 7). 3.3. Added value of FT-TRA and pore-scale modeling Our approach combines laboratory experiments and numerical simulations to gain insight into the dissolution regimes over a range of flow conditions, which is a unique contribution of this work. Other approaches have tackled this issue with either exclusively experimental methods (e.g. Erga and Terjesen, 1956 , Sjöberg, 1976 , Plummer et al., 1978 , Sjöberg and Rickard, 1984 , Colombani, 2008 , or with experimental methods combined with simple mathematical solutions (e.g. Alkattan et al., 1998 , Pokrovsky et al., 2005 , as well as exclusively mathematical methods(e.g. based on the film theory: Rimstidt, 2015) .
In terms of the experimental contribution, FT-TRA is a new approach when applied to study the dissolution kinetics of minerals. The present study demonstrates that FT-TRA is suitable for empirically establishing the dissolution regime, and when combined with pore-scale modeling FT-TRA provides detailed insights into transport limitations.
Combining FT-TRA with numerical simulations is facilitated by the low detection limits of ICP-MS, which allows dissolution of single crystals (and potentially single mineral cleavage surfaces) in small reaction cells of simple geometry. The small volume of the reaction cell also reduces the time needed to reach steady-state dissolution, which in conventional larger mixed flow reactors is primarily dictated by the residence time of the eluent in the reactor . This characteristic of the experimental set up used in this study also facilitates efficient duplication of dissolution experiments and statistical analysis of the results to assess the underlying causes for the large variability observed in dissolution rates measured in laboratories (e.g. Rimstidt et al., 2012) .
Although not directly relevant to the present study, the high temporal resolutionafforded by FT-TRA also provides detailed information on the evolution of dissolution rates and stoichiometries when minerals are subjected to abrupt or transient dissolution episodes, documenting in particular the gradual formation of surface leached layers in unprecedented detail and identifying sporadic and abrupt exfoliation events .
As for the modeling contribution, we could show that direct numerical simulation can be a very powerful addition to the study of conditions in single-crystal small-volume reactors. In this paper, we have limited ourselves to assuming simple cubic grain geometry and that all surfaces of the mineral have homogeneous reactivity. However, this is not a requirement. The modeling approach also allows resolution of complex geometries at very high resolution, which can be incorporated in the model from microtomographic images or from FIB-SEM characterization (Trebotich and Graves, 2015) . In addition, recent studies have explored differences of surface-dominated rates on different surfaces of the same mineral (Fischer et al., 2012) .
One can envision the current model to incorporate this heterogeneous reactivity by tagging specific regions of the mineral surfaces differently. Further, the model could explore the effect of the orientation of the grain orientation to the flow direction in the reactor, as in Godinho et al. (2014) . The evolution of the surfaces due to dissolution, where the shape of the crystalschanges with time, is a subject of interest as well and currently mathematical techniques such as those proposed by Miller and Trebotich (2012) are being implemented in the model to capture this evolution. In porous materials, this would make it possible to capture e.g. the differential evolution of pores and pore throats.
Conclusions and future research direction
This study demonstrates that FT-TRA can be used to empirically establish mineral dissolution regimes. We demonstrated how FT-TRA can be used to identify predominantly surface-controlled dissolution using forsterite. In contrast, applying FT-TRA to calcite dissolution demonstrated how predominantly transport-controlled dissolution can be identified. The ability to combine FT-TRA measurements with 3-dimensional pore-scale modeling provides unprecedented insights into the transport and reactive processes taking place in the flow-through reactor. This study demonstrates that the pore-scale model is able to accurately capture hydrodynamic effects and transport limitations on mineral dissolution using a single set of surface-controlled rate parameters for a range of pH and flow conditions.
As a result, pore-scale model parameter optimization will allow the estimation of mineral dissolution parameters, even when experimental conditions are inadequate to produce predominantly surface-controlled dissolution conditions. Future work should include developing different flow-through cell designs to allow higher resolution pore-scale modeling, and measuring additional effluent parameters (e.g. pH) to better constrain modeling results and provide additional means to estimate dissolution rate parameters.
The ability to experimentally validate reactive transport modeling is also of particular interest to a wide variety of research areas, including the problems of scaling (e.g. Li et al., 2008) and optimizing CO2 injection methodology for carbon sequestration (e.g. . For example, using the pore-scale modeling tools used in this study, small scale fluid-solid interfaces can be resolved to achieve a mechanistic understanding on how to control CO2 injection in the subsurface (op. cit.).
Finally, beyond the establishment of 'classical' dissolution rate constants, future work should also explore the possibility of incorporating AFM or VSI as part of a FT-TRA experiment to couple surface micro-topography observations and high resolution bulk solution concentration measurements to link the evolution of reactive surface sites to dissolution rates, and address (1) the long-standing problem of surface normalization (e.g. Lüttge, 2005 and references therein) and (2) the ongoing debate concerning the validity of using single rate constants to describe mineral dissolution (e.g. Lüttge et al., 2013 , Fischer et al., 2012 , Fischer et al., 2014 , Fischer et al., 2015 .
The multi-faceted applications and encouraging results obtained in this study and a companion paper warrants further development of FT-TRA for mineral dissolution kinetics studies (De Baere, 2015) .
